Group A rotaviruses are segmented double-stranded RNA viruses that cause severe dehydrating diarrhea in infants and young children worldwide (28) . The viruses replicate primarily in mature enterocytes of the small intestine, but viremia and systemic infections are well documented in both humans and animals (6) . The role of adaptive immunity in rotavirus infection has been extensively studied in the mouse model. Effectors, such as CD4 ϩ and CD8 ϩ T cells, play a critical role in the timely clearance of primary infection, while B cells are more important in resistance to reinfection (14, 27) . The role of innate immunity in rotavirus infection, however, remains poorly understood.
Early studies showed that levels of type I and II interferon (IFN) are elevated in rotavirus-infected children and animals (2, 9, 22, 31, 35) . Alpha IFN (IFN-␣) was used successfully to treat rotavirus diarrhea in bovine and porcine models (23, 34) . Exogenous type I or II IFN inhibited rotavirus infection in human intestinal HT-29 and CaCo-2 cells when the cells were treated 24 h or more prior to infection (5) . However, homologous murine rotavirus-induced diarrhea and virus shedding in feces were not significantly altered in type I or II receptor knockout (KO) mice or suckling mice treated with exogenous IFN (1) . In these studies, combined type I and II receptor KO mice were not studied. Vancott et al. showed that rotavirus shedding in feces was enhanced in adult, but not in suckling, signal transducer and activator of transcription 1 (STAT1) KO mice compared to wild-type mice, even though the shedding duration was not changed (33) . More recently, we reported that enteric and systemic replication of a rhesus rotavirus (RRV) is significantly increased in suckling mice deficient in both type I and II IFN signaling (IFN-␣/␤/␥ receptor [IFNR] KO or STAT1 KO), resulting in lethal pancreatitis, hepatitis, and biliary atresia, while replication of a murine rotavirus (EC), either enteric or systemic, was virtually identical between healthy and IFN-deficient mice (13) . The diverse effects of IFN on rotavirus infection suggest that the virus may possess antihost IFN mechanisms that have variable efficacy depending on the host, cell type, and virus species origin.
The rotavirus nonstructural protein NSP1, the product of gene segment 5, has been recently proposed to function as an E3 ubiquitin ligase and to promote the proteasome-mediated degradation of cellular IFN regulatory factor 3 (IRF3), IRF5, and IRF7 and to concomitantly suppress early IFN responses (3, 4, 16) . While NSP1 deletion mutant viruses exhibit small plaque size in infected cells, NSP1 is not required for viral replication (32) . The simian rotavirus strain SA11 with NSP1 truncation exhibits cell-type-specific reduction in replication and can grow to higher titers in IRF3/IRF7 knockdown experiments. However, differences in the replication capacities of nonmutant rotavirus strains encoding full-length NSP1 proteins due to variations in the ability of NSP1 to interfere with the host IFN response have not been directly demonstrated (4) . Interestingly, in a mouse study using classic genetic analysis of reassortants between a highly enterovirulent homolo-gous murine rotavirus (EW) and a significantly less enterovirulent heterologous simian strain (RRV), NSP1 was associated with host range restriction, defined as the ability of a strain to spread efficiently among a litter of suckling mice (7) . Presently, it is not clear whether rotavirus host range restrictions are determined in part or completely by the differential effects of NSP1 on degrading IRFs and antagonizing host IFN among homologous or heterologous virus strains.
In this study, we used primary mouse embryonic fibroblasts (MEFs) from wild-type or IFN-deficient (IFNR KO or STAT1 KO) mice to investigate the different roles of the IFN system in regulating the replication of selected heterologous and homologous rotavirus strains. We then used viral genetics to determine the viral gene associated with differential replication. We found that replication of heterologous bovine (UK and NCDV) or porcine (OSU) rotaviruses was significantly restricted in wild-type MEFs compared to MEFs lacking an intact IFN signaling response. In contrast, the replication of heterologous RRV or tissue culture-adapted murine rotaviruses (ETD and EHP) was identical in wild-type and IFNdeficient MEFs. Using a library of reassortants derived from an IFN-sensitive (bovine [UK]) and a resistant (simian [RRV] ) strain, we demonstrated that the ability of RRV to replicate efficiently in wild-type MEFs cosegregated with gene segment 5, which encodes NSP1. In addition, we found that infection of mouse fibroblasts with RRV or ETD, but not UK, resulted in a significant loss of endogenous IRF3, prevented its phosphorylation on serine 396, suppressed IRF3 nuclear translocation, and inhibited IFN-␤ secretion in MEFs. These properties were also linked to the NSP1 gene. These data are the first to establish a direct association of the efficiency of NSP1-mediated IRF3 degradation and IFN suppression with levels of rotavirus replication in primary cells.
MATERIALS AND METHODS
Mice, cells, and viruses. IFN-␣/␤-IFN-␥ receptor double-KO (IFNR KO) mice and wild-type control 129SV mice were generous gifts from H. Virgin (24) . STAT1 KO mice, which are also on the 129SV background, were purchased from Taconic (Germantown, NY). All mice were maintained at the Veterinary Medical Unit of the Palo Alto VA Health Care System. All animal studies were approved by the Stanford Institutional Animal Care Committee.
Isolation of MEFs from wild-type 129SV, IFNR KO, and STAT1 KO mice was performed following the protocol from Millipore (Billerica, MA). Briefly, embryos from 14-day-gestation mice were digested in 5% trypsin with EDTA (Sigma) for 20 min at 37°C. After digestion, cells were collected, washed, and passed through a 40-m cell strainer (BD Bioscience, Bedford, MA) to obtain single-cell suspensions. The isolated cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS) at 37°C in a humidified 5% CO 2 incubator. MEFs used in this study were passaged less than five times.
The tissue culture-adapted simian strains RRV and SA11 (Baylor clone 3), the bovine strains UK and NCDV, the porcine strain OSU, the murine strains ETD (a cell culture-adapted version of the original wild-type EDIM strain) and EHP, and reassortant viruses derived from coinfection by UK and RRV were propagated in MA104 cells. The MA104 cells were maintained in M199 medium supplemented with 10% FCS. Titers of stock rotavirus were determined by plaque assay in MA104 cells and expressed as PFU per milliliter as described previously (20) .
Rotavirus infections and determination of virus yields. Rotaviruses were activated by trypsin (5 g/ml; Sigma-Aldrich, St. Louis, MO), diluted in DMEM lacking FCS (iDMEM), and used to infect fully confluent MEFs from wild-type, IFNR KO, or STAT1 KO mice in 96-well plates at multiplicities of infection (MOIs) of 10, 1, or 0.1 in quadruplicate. The virus was allowed to absorb for 1 h at 37°C and then was removed, and the plates were washed with iDMEM. Serum-free DMEM containing 0.5 g/ml trypsin was then added to the cells, which were maintained for an additional 23 h (total, 24 h) at 37°C and 5% CO 2 . Following infection, the MEFs were freeze-thawed to release the virus. Virus yields were determined by focus-forming assay in MA104 cells as described previously (21) . Briefly, MEF lysates were serially diluted in M199 without FCS and added to MA104 cells in 96-well plates. Following 1 h of absorption, the cells were washed and cultured for 15 h in M199 without FCS or trypsin prior to fixation with 10% formalin and permeabilization with 1% Triton X-100 (SigmaAldrich). After being washed, the cells were stained with polyclonal guinea pig anti-rotavirus antibody and peroxidase-conjugated goat anti-guinea pig immunoglobulin G antibody (Chemicon, Temecula, CA). 3-Amino-9-ethylcarbazole was used for color development (Vector Laboratories, Inc., Burlingame, CA). The virus titers were expressed as focus-forming units (FFU) per milliliter of lysate. To measure the relative magnitudes of virus yields between wild-type and IFN-deficient MEFs, a virus yield ratio was calculated as follows: yield from IFNR or STAT1 KO MEF (FFU/ml)/yield from wild-type MEF (FFU/ml).
Measurement of IFN-␤ by ELISA. MEFs were plated in 48-well plates until they were confluent and were infected with different rotaviruses at an MOI of 10 or 1, as indicated, in quadruplicate as described above. Supernatants (SN) were collected 16 h postinfection (p.i.), clarified by centrifugation (20,000 ϫ g for 10 min), and stored at Ϫ80°C prior to being tested. IFN-␤ in SN was determined by enzyme-linked immunosorbent assay (ELISA) with a kit from R&D Systems, Inc. (Minneapolis, MN), according to the manufacturer's instructions. The amount of IFN-␤ was expressed as pg/ml of SN.
Fluorescence microscopy detection of IRF3 in rotavirus-infected MEFs. Wildtype MEFs were grown on human fibronectin-coated cover glasses (BD Bioscience, San Jose, CA) in six-well plates. The cells were infected at an MOI of less than 0.5. Following 1 h of virus absorption, the cells were washed and cultured for an additional 5 h in the presence of iDMEM lacking trypsin. The cells were fixed with cold methanol and acetone (1:1) for 30 min and permeabilized with 1% Triton X-100 for 2 min. The presence of rotavirus was detected with Texas red-labeled mouse monoclonal anti-rotavirus VP6 antibody, clone 1E11, which reacts with all of the rotavirus strains used. IRF3 was detected with a polyclonal goat anti-IRF3 antibody (R&D Systems, Inc.) and Alexa 488-labeled rabbit anti-goat immunoglobulin G (Invitrogen, Carlsbad, CA). Cell nuclei were stained with 4Ј,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Invitrogen). Immunofluorescent staining was observed under a Nikon Eclipse TE300 inverted fluorescence microscope equipped with a QImaging Retica 200R charge-coupled-device camera (QImaging, Surrey, BC, Canada). Images were acquired and analyzed with the QCapture Pro program (QImaging).
Immunoblotting. Wild-type MEFs were infected with UK, RRV, ETD, and selected UK-or RRV-like reassortant viruses (4-1-1 and 24-1-1) at an MOI of 30. After 1 h of absorption, the virus was aspirated and the cells were washed and maintained in fresh iDMEM without trypsin. At 16 h p.i., the cells were washed twice in phosphate-buffered saline and lysed in 2ϫ Laemmli buffer containing 2% sodium dodecyl sulfate (SDS) at room temperature for 20 min. The lysates were passed through a 25-gauge needle six to eight times and denatured by being boiled for 5 min. The proteins were separated by electrophoresis on 12% SDSpolyacrylamide gel electrophoresis gels and transferred to nitrocellulose membranes prior to being immunoblotted. The Western blots were probed for endogenous levels of IRF3 with polyclonal rabbit anti-IRF3 antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA), for IRF3 phosphorylated at S396 (pS396 IRF3) with rabbit monoclonal antibody (MAb) (clone 4D4G; Cell Signaling Technology, Canvers, MA), for phosphorylated STAT1 with rabbit MAb (clone Y701; Cell signaling), for rotavirus VP6 with mouse MAb (clone 2B4; Abcam Inc., Cambridge, MA), or for actin with mouse anti-␤-actin MAb (clone AC15; Sigma). Horseradish peroxidase-labeled anti-rabbit or anti-mouse secondary antibodies were purchased from GE Healthcare Bio-Science Corp. (Piscataway, NJ), and signals were developed using enhanced chemiluminescence (GE Healthcare Bio-Science Corp.).
Analysis of the IFN response to inactivated rotavirus. A titered stock of UK virus was divided into aliquots for comparison of live and inactivated virus. Virus was inactivated with psoralen (Sigma; 40 g/ml) and by exposure to a UV light source (GBL-100C utilizing 100-W mercury reflector lamps; G. B. Gate and Co., Franklin Square, NY) for 40 min as previously described (18) . Residual infectivity in the inactivated virus preparation could not be detected by plaque assay (data not shown). NIH 3T3 fibroblasts were grown in DMEM supplemented with 10% FCS and infected at the indicated MOIs, as described above. Six hours p.i., the cells were washed twice in Dulbecco's PBS and lysed in 2ϫ Laemmli buffer containing 2% SDS for 20 min at room temperature. The lysates were boiled forCary, NC). Comparison of wild-type and IFN-deficient MEFs was performed using a post hoc Scheffe test. Analysis of rotavirus genes cosegregating with virus growth phenotypes in MEFs was analyzed by the permutation method of Brown and Fears (8) .
RESULTS

Differential replication of rotaviruses in wild-type and IFNdeficient MEFs.
In order to study the role of IFN response in the regulation of selected heterologous and homologous rotavirus strains in mouse cells, wild-type and IFN-signaling-deficient MEFs were infected with different strains of rotaviruses, and the virus yields were measured at 24 h p.i. (Fig. 1) . The virus yields of bovine (UK and NCDV) and porcine (OSU) rotaviruses from wild-type MEFs were more than 2 log 10 units lower than that from IFN-deficient (IFNR KO or STAT1 KO) MEFs (P Ͻ 0.01) (Fig. 1) , indicating the IFN sensitivity of these strains in wild-type MEFs. In contrast, the replication rates of simian RRV and homologous murine ETD and EHP strains were similar in both wild-type and IFN-deficient MEFs (P Ͼ 0.05) (Fig. 1) . The growth of another simian strain, SA11, was reduced 8-to 10-fold in wild-type compared to IFN-deficient MEFs (P Ͻ 0.01) (Fig. 1) . Collectively, these experiments revealed that the heterologous bovine and porcine rotavirus strains are highly sensitive to the antiviral effects of the mouse IFN system, while the two homologous murine rotavirus strains, as well as the simian RRV, replicate optimally despite the presence of an intact IFN signaling system. The SA11 strain appears to have an intermediate phenotype.
Genetic basis for host IFN restriction of heterologous rotaviruses. The data in Fig. 1 indicate that some strains of rotavirus (UK, NCDV, and OSU) exhibit markedly restricted growth in wild-type MEFs compared to IFN-deficient MEFs, while other virus strains (heterologous RRV and the homologous ETD and EHP) display no such restriction. In order to identify the genetic basis for this striking difference in IFNdependent growth restriction in different rotavirus strains, we used a series of reassortant viruses derived from cells coinfected with UK (IFN restricted) and RRV (nonrestricted). Wild-type or IFN-deficient MEFs were infected with UK ϫ RRV reassortant viruses, and the virus yield ratio between IFN-deficient MEFs and wild-type MEFs for each reassortant virus was calculated (Table 1) . Based on the yield ratios, the reassortants could be divided into UK-like (ratio greater than 100) and RRV-like (ratio less than 20) groups. We found that the UK growth phenotype always cosegregated with UK gene 5, while the RRV phenotype always cosegregated with RRV gene 5 ( Table 1) ; this segregation was significantly different from that expected by chance (P Ͻ 0.001). Notably, no other rotavirus genes showed statistically significant correlation with the growth phenotype in the two MEF types (P Ͼ 0.05).
IFN-␤ secretion in rotavirus-infected MEFs. Since rotavirus NSP1, which is encoded by gene 5, has been shown to degrade cellular IRF3 and -7, resulting in downregulation of the host IFN response (3, 4) , we measured IFN-␤ secretion in wild-type MEFs following infection with UK, RRV, ETD, and selected UK-or RRV-like reassortant viruses by ELISA. As shown in Fig. 2 , UK and a UK-like reassortant, 4-1-1, which has UK gene 5 but most other genes from RRV, induced a robust IFN-␤ response in wild-type MEFs at an MOI of 10 after 16 h of infection (Fig. 2) . A reduced, but clear, IFN-␤ response was also observed at 6 h p.i. or at a lower MOI of 1 (data not shown). In contrast, RRV; an RRV-like reassortant, 24-1-1, which has RRV gene 5 but most other genes from UK; and the murine ETD strain significantly suppressed IFN-␤ secretion in wild-type MEFs at an MOI of 10 ( Fig. 2) . These results demonstrated that the presence of the RRV NSP1-encoding gene was correlated with the absence of IFN-␤ secretion in MEFs and is in agreement with our genetic analysis correlating the growth phenotype in wild-type versus IFN-deficient MEFs with RRV NSP1.
Rotavirus-induced IRF3 nuclear translocation in MEFs. It has been shown that activation of IRF3 results in its phosphorylation and nuclear translocation (26) . We found that infection with UK and the reassortant 4-1-1 induced IRF3 nuclear translocation in wild-type MEFs as early as 6 h p.i. (Fig. 3A to D) . Interestingly, IRF3 nuclear translocation was observed in cells both positive and negative for VP6 staining, presumably due to a secondary response to secreted IFN-␤ from neighboring infected cells. This conclusion was supported by the observation that IRF3 nuclear translocation occurred only in VP6 positively stained cells from IFNR-deficient MEFs (Fig. 3K and L) ; however, the possibility that some of the antigen-negative cells represented infection at levels too low to be detected by immunostaining cannot be excluded. Similar IRF3 nuclear translocation was also observed in MEFs infected with the bovine NCDV or porcine OSU strain (data not shown). In contrast, IRF3 nuclear translocation was not detectable in MEFs infected with either RRV, reassortant 24-1-1 (encoding RRV NSP1), or ETD (Fig. 3E to J) These results suggest that the growth restriction of heterologous bovine or porcine rotavirus strains in the presence of an intact murine fibroblast IFN response is likely related to the inability of their NSP1 proteins to inhibit IRF3 function.
IRF3 degradation in wild-type MEFs following rotavirus infection. The microscopy data suggested that cellular IRF3 function was inhibited by RRV and the homologous ETD strain but enhanced by UK infection. In order to examine this possibility further, we measured levels of endogenous total IRF3 and pS396 IRF3 in MEFs by immunoblotting following virus infection (Fig. 4) . At 16 h p.i., levels of total IRF3 in RRV-, 24-1-1-, and ETD-infected wild-type MEFs were significantly reduced compared to those in uninfected or UK-or reassortant 4-1-1-infected cells. Interestingly, pS396 IRF3, a marker for virus-induced IRF3 activation (25), could be detected only in cells infected with UK or reassortant 4-1-1, but not RRV, reassortant 24-1-1, or ETD. Thus, rotavirus strains possessing the RRV NSP1 gene could efficiently direct IRF3 degradation, and no pS396 IRF3 accumulated in their presence. Conversely, a lack of IRF3 degradation and accumulation of pS396 IRF3 isoforms was observed in the presence of viruses encoding a UK NSP1 protein.
Effects of inactivated rotavirus on IFN-␤ secretion and IRF3 activation.
We investigated whether the ability of UK rotavirus to activate IRF3 and stimulate IFN-␤ was dependent on viral replication in NIH 3T3 cells. NIH 3T3 cells were chosen for this experiment because they have higher levels of endogenous IRF3 than MEFs and secrete comparable amounts of IFN-␤ in response to UK virus infection (data not shown). NIH 3T3 cells treated with psoralen-inactivated UK rotavirus (MOI ϭ 1) secreted little or no IFN-␤, while infectious UK stimulated approximately 100-pg/ml secretion after 16 h of infection (data not shown). In addition, NIH 3T3 cells treated with live, but not psoralen-inactivated, UK virus demonstrated IRF3 phosphorylation, consistent with the conclusion that the IFN response in these cells is dependent on viral replication (Fig. 5) . Similarly, only replication-competent UK virus induced significant phosphorylation of STAT1 (Fig. 5) , an event that was correlated with the ability of UK to activate IRF3 and induce IFN-␤ secretion. 
DISCUSSION
Using a model of rotavirus infection in primary MEFs, we demonstrated that the type I IFN host response was efficiently stimulated by several wild-type cell culture-adapted heterologous strains of rotavirus, including bovine UK and NCDV or porcine OSU, leading to IFN-␤ secretion, IRF3 nuclear translocation, and phosphorylation of S396 on IRF3. Consequently, replication of these viruses was significantly restricted in IFNcompetent wild-type MEFs compared to IFN-deficient MEFs. In contrast, wild-type cell culture-adapted homologous murine strains, such as ETD and EHP, efficiently suppressed the host type I IFN response in wild-type cells, and removal of functional IFN signaling components in IFNR KO or STAT1 KO MEFs provided no significant growth advantage to these murine strains. Interestingly, the heterologous simian rotavirus RRV behaved similarly to murine viruses both in suppression of host IFN responses and in replication ratios in wild-type and IFN-deficient MEFs.
Using classic rotavirus gene reassortment analysis between UK and RRV parental strains, we observed that rotavirus gene segment 5, encoding NSP1, is a significant determinant of the distinctive growth phenotypes of these two viruses in wild-type and IFN-deficient MEFs. While other genes undoubtedly play roles in determining cell tropism under various conditions, in this study of primary wild-type MEFs, only gene 5 was signif- icantly associated with a differential growth advantage in the presence of an intact IFN signaling system. It has been shown for several virus strains and cell systems that rotavirus NSP1 inhibits the host cell type I IFN response by mediating proteasomal degradation of IRF3, -5, and -7 (3, 4, 16) . In this study, we confirmed that in MEFs, ETD or RRV infection induced IRF3 degradation, reduced IRF3 activation as measured by nuclear translocation assay and S396 phosphorylation, and inhibited IFN-␤ secretion in MEFs. We mapped the IRF3 degradation activity of RRV to the NSP1 protein using UK ϫ RRV reassortant viruses. ETD NSP1 presumably behaves similarly to RRV NSP1 in MEFs, since it antagonized cellular IRF3 and IFN-␤ secretion in a similar way and exhibited a lack of enhanced replication in IFN-deficient MEFs that was identical to that of RRV. In contrast to the rotavirus-mediated inhibition of IFN responses, a second phenotype uncovered in these experiments was rotavirus-induced activation of the murine IFN response. Specifically, we found that UK-infected MEFs responded with high levels of IFN-␤ secretion, translocation of IRF3 to the nuclei of infected fibroblasts, phosphorylation of S396, and absence of IRF3 degradation. These properties of UK also mapped to the NSP1 protein by reassortment analysis. The restricted growth of the NCDV and OSU strains in wild-type MEFs may also be mediated by NSP1, since these viruses induced IRF3 nuclear translocation in infected wild-type MEFs similarly to UK virus (data not shown). Of note, NCDV has been previously shown to effectively degrade IRF3 in MA104 cells (15) . In addition, the NSP1-encoding genes of NCDV and UK viruses used in these experiments are able to efficiently degrade IRF3 when transiently overexpressed in certain nonmurine cell types (unpublished observation). This indicates that the NCDV and UK viruses used here are not intrinsically defective in IRF3 degradation. They simply do not degrade murine IRF3 in mouse fibroblasts. Of note, inactivated UK rotavirus did not efficiently activate IRF3 or induce IFN secretion in MEFs, indicating that in these cells, at a minimum, viral transcription is required to initiate the IFN response. This finding is compatible with prior studies that linked IFN-␤ secretion with RIG I-mediated signaling in HT29 intestinal epithelial cells (19) . Future studies are needed to determine whether this transcription-dependent IFN signaling mechanism is utilized by murine cells of other lineages. Taken together, our results provide new evidence that strain-specific differences in NSP1-directed IRF3 inhibition and suppression of IFN secretion in primary MEFs underlie the differences in virus tropism for these cells. Whether these differences in growth capacity are also present in other primary cell types, such as epithelial or lymphoid cells, either in vitro or in vivo and whether they are also associated with differences in NSP1 remain to be tested.
Barro and Patton demonstrated that a mutant SA11 lacking the full-length NSP1 exhibits cell-type-dependent defects in virus replication that can be partially restored with small interfering RNA to IRF3 or -7 (4). However, the effects of the IFN response on the replication of different rotavirus strains encoding full-length NSP1 proteins has not been directly examined within a particular cell type. In this study, we have used strains of rotavirus with wild-type NSP1s and a genetic reassortment approach to clearly demonstrate that the differential viral replication ability of UK versus RRV rotaviruses seen in wild-type and IFN-deficient MEFs is directly related to their NSP1 proteins and their ability to degrade IRF3. Since the results in this study were obtained using viruses with full-length wild-type NSP1, our results are likely to be relevant to future investigations into the molecular mechanism of rotavirus strain-specific IFN antagonism and virus host range restriction in vivo.
A recent study by Graff et al. indicates that in addition to IRF3 degradation, NSP1 can also mediate proteasome-dependent degradation of ␤-TrCP, resulting in reduction of NF-B activation and the magnitude of the IFN response (15) . While we did not measure ␤-TrCP degradation in this study, it will be interesting to investigate the status of ␤-TrCP in MEFs following infection with different strains of rotavirus. However, as we have shown, UK virus fails to degrade cellular IRF3 and stimulates a robust IFN-␤ response, while RRV efficiently degrades IRF3 and suppresses the host IFN-␤ response in MEFs. Therefore, at least for these two strains of virus replicating in murine fibroblasts, NSP1-mediated inhibition of ␤-TrCP is unlikely to be relevant for IFN induction.
A species-or cell-type-specific viral antagonism of host IFN responses has been described in other virus systems, such as simian virus 5 (SV5), a member of the Paramyxovirus family. SV5 is permissive in human, but not murine, cells, and the differential growth is correlated with different levels of the IFN response stimulated in human or murine cells after infection (10) . SV5 suppresses host IFN antiviral activity through V protein-mediated degradation of STAT1; however, the species specificity of IFN antagonism is determined by viral interaction with the STAT2 protein (29) .
NSP1 is the most genetically diverse rotavirus protein, although phylogenetic analysis reveals that sequences from viruses isolated from the same species tend to cluster, suggesting that rotavirus NSP1 may have coevolved with the cognate host species (12) . It is interesting that the NSP1 proteins of the simian rotaviruses RRV and SA11 are closer to those of murine viruses than to those of either bovine or porcine strains. Whether this phylogeny in sequence plays any significant role in the similar behavior observed between simian and murine rotavirus strains in MEFs in our experiments is presently unknown and an area of our current research. Graff et al. have reported that the ineffective degradation of IRF3 in MA104 cells by OSU NSP1 is related to its weak binding to the target protein (16) . The NSP1 N-terminal zinc-binding domain, which is proposed to function as an E3 ligase in directing IRF3 degradation, is highly conserved. The C terminus, which is said to be related to NSP1 binding to IRF3 (17) , is significantly more variable among different viral strains. At this time, no specific sequence features of NSP1 have been identified that can unambiguously explain the strain-specific IRF3 degradation in MEFs or other cells. We are currently investigating the molecular mechanism of this rotavirus species-or cell-typespecific IFN antagonism.
We have previously shown that RRV replication is significantly enhanced in IFNR-deficient mice, suggesting that RRV is sensitive to an intact host IFN system in vivo, especially in its replicative ability in systemic organs, such as the biliary tract and pancreas (13) . Therefore, it is somewhat paradoxical that our current data demonstrate that RRV replication is not restricted in IFN-competent wild-type MEFs. Of note, Douagi et al. (11) reported that, despite the efficient inhibition of type I IFN secretion by RRV in MEFs, RRV infection efficiently elicits type I IFN secretion by murine dendritic cells (DC). Additionally, we have found that purified primary human DCs readily respond to exposure to RRV with a brisk type I IFN response, and this response is independent of viral transcription (unpublished data). These findings suggest that, in vivo, DCs could provide a source of type I IFN that is not subject to viral NSP1-mediated antagonism. RRV is not intrinsically resistant to type I IFN, since its replication is inhibited in cells pretreated with type I IFN (5). Hence, we can speculate that in vivo RRV antagonism of the local host IFN response facilitates its replication in targets such as intestinal epithelial cells while IFN produced by DCs (and possibly other cell types) would eventually control the RRV infection. This hypothesis is supported by our observation that initial levels of RRV in the gut and systemically are similar in wild-type and IFN-deficient mice and that a significant increase in systemic virus loads occurs at later times p.i. in IFN KO mice (13) . RRV infection is cleared after 5 days p.i. in wild-type mice, but replication persists much longer in IFN-deficient mice, especially in the biliary tract and pancreas, and induces severe inflammatory responses. In addition, RRV-induced biliary atresia in newborn mice can also be treated with exogenous type I IFN (30), a finding also consistent with our hypothesis.
The response of the mouse IFN system to murine rotaviruses is apparently distinct from that to simian RRV. Similar to RRV, murine rotaviruses efficiently suppressed a cellular IFN response, and their replication was not restricted in wild-type MEFs. However, unlike that of RRV, murine rotavirus replication in vivo is not markedly restricted in the presence of an intact IFN system (13) . This suggests that murine rotaviruses are likely to successfully negate or avoid IFN responses in target cells, such as primary human DCs, that detect RRV infection. Clearly, further studies are needed to determine whether this is the case. Interestingly, we observed that murine rotavirus replication was not significantly affected in MEFs pretreated with type I IFN (data not shown). This finding is consistent with a previous study showing the ineffectiveness of exogenous IFN treatment in murine rotavirus-induced enteric infection (1) and suggests that in the mouse, murine rotaviruses may be more generally resistant to IFN antiviral activity than RRV. A possibility suggested by these findings is that murine rotaviruses may encode additional mechanisms to negate IFN-induced antiviral responses. Moreover, RRV and murine rotavirus clearly have other distinct cell tropisms in mice, since murine rotavirus is not found in the pancreas in either wild-type or IFN-deficient mice (13) and does not efficiently infect biliary epithelial cells in mice (reference 13 and data not shown). Thus, combined differences in IFN sensitivity and cell tropism between RRV and murine rotavirus may explain the observed discrepancy between in vitro and in vivo behaviors. Nevertheless, our studies clearly indicate that celltype-specific inhibition of the early innate immune response mediated by NSP1 determines the abilities of different heterologous and homologous strains of rotavirus to replicate in murine fibroblasts and is likely to form at least part of the basis for rotavirus host and/or cell tropism in vivo.
